With the rapidly increased penetration of renewable generations, the incentive-based demand-side management (DSM) shows great value in alleviating the uncertainty and providing flexibility for a microgrid. However, how to price those demand resources becomes one of the most significant challenges for promoting the incentive-based DSM under microgrid environments. In this article, a flexible demand resource pricing scheme is proposed. Instead of using the utility function of end-users like most existing literature, the economic benefit of the flexible demand resources is evaluated by the operation performance enhancement of the microgrid, and correspondingly, the resource is priced based on a benefit-sharing approach. An iteration-based chance-constrained method is established to calculate the economic benefit and shared compensation for the demand resource providers. Meanwhile, the financial risks for the microgrid operator due to uncertain factors are mitigated by the chance-constrained criterion. The proposed scheme is examined by an experimental microgrid to illustrate its effectiveness.
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I. INTRODUCTION
T HE rapid development of renewable energy resource (RES) results in significant intermittence and uncertainties in the power system operation, particularly for smaller system as a microgrid [1] . Assisted with optimization algorithms, demand side resources and conventional units jointly provide effective means to reduce the impact of the uncertainties of various RES on the microgrid operation [2] . Therefore, demand-side management (DSM) is playing a critical role in providing flexibility for the microgrid operation.
According to the United States Department of Energy, DSM is typically motivated either by pricing signals or incentive payments [3] . Correspondingly, DSM programs can be divided into two basic categories, i.e., price-based DSM and incentive-based DSM. In price-based DSM, the end-use customers would adjust their demands based on the time-varying price, which has been discussed in many kinds of literature [4] - [9] . In the incentivebased DSM programs, the end-use customers act as controllable loads dispatched by external signals. Meanwhile, those demand resource providers would receive monetary compensation as rewards. Numerous articles have been conducted to investigate the application of the incentive-based DSM in the microgrid [10] - [15] . Contrasted with price-based DSM, the incentivebased DSM has greater and faster responsive speed to solve the problems of the uncertainties [11] that makes it playing a more and more important role in the power system operation [16] .
One of the most significant challenges for the incentive-based DSM is quantitatively determining the compensation for the demand resource providers. Most of the existing literature adopts the utility function or comfort level function to represent the willingness of the demand resource providers in participating in the incentive-based DSM program. For example, Zhu et al. [10] adopt the thermal comfort function of room temperature and energy consumption of air conditioners to model the controllable capacity. Similarly, Liang et al. [17] apply the length of the forced closing time to decide the impact on the comfort function of each air conditioning user. Korkas et al. [18] utilize the Fanger index as a realistic measure for thermal comfort with the ASHRAE 55 standard to evaluate the range for thermal comfort. Erdinc et al. [19] apply the contracted allowed minimum comfort violation limits of the demand resource providers to limit the comfort level. Moreover, the utility function of the demand resource providers is applied to estimate the participation rate of the end-use customers. Zhang et al. [11] use a parameter indicating how much controllable loads can be cut off based on the utility function. Nwulu and Xu [14] propose a grading scheme with a parameter to classify the demand resource providers according to their desire/readiness to participate in the DSM. Imani et al. [20] investigate different levels of customers' participation rate in the DSM and effect on microgrid operation costs. As indicated by the aforementioned literature, most of those articles use the utility function or comfort function to determine the compensation. However, it can be extremely difficult to precisely derive the utility function or comfort function in practical cases.
Moreover, there are numerous uncertain factors in the operation of microgrid. Rabiee et al. [21] present a two-stage model to consider the wind and PV generation uncertainties. Tan et al. [9] incorporate the demand response and energy storage system into the power system to reduce the influence of uncertainties of wind energy. Ho et al. [22] evaluate the optimal operation of energy storage considering the uncertainties of weather conditions. Zhang et al. [23] propose a robust optimization approach for the multimicrogrid operation considering renewable energy uncertainties. Most of those works focus on the uncertainties in the optimal operation of a microgrid. However, determining the compensation for demand resources needs to calculate the economic benefit contributed to the entire pricing period, which involved a large number of uncertain parameters. Correspondingly, different realization of operation parameters would result in a different amount of the economic benefit, which affects the calculation of the compensation.
In this article, a flexible demand resource pricing scheme based on benefit-sharing is proposed to determine the compensation for the incentive-based DSM programs without knowing the utility function of the demand resource providers. In the proposed scheme, the economic benefit induced by the flexible demand resources is shared by the microgrid operator and flexible demand resource providers, and the compensation is determined correspondingly. An iteration-based chance-constrained method is proposed to address the impact of uncertain parameters on the economic benefit and mitigate the risks of the microgrid operator for overcompensation.
The main contributions of this article can be summarized as follows.
1) A flexible demand resource pricing scheme is proposed in this article. The compensation for the demand resource providers can be determined without knowing the utility or comfort function of end-users. 2) An iteration-based chance-constrained method is established to evaluate the economic benefit of the flexible demand resources while mitigating the risks of financial losses for the microgrid operator under stochastic environments. 3) Different types of the flexible demand resources are examined by the proposed pricing scheme to demonstrate its effectiveness and robustness. The rest of this article is organized as follows. The framework model of the proposed flexible demand resource pricing scheme is described in Section II. The mathematical model is formulated in Section III. The experimental case studies and results analysis are provided in Section IV, followed by conclusions in Section V.
II. MODEL DESCRIPTION
As mentioned above, a pricing scheme for the incentive-based DSM programs under the microgrid environment is proposed, as shown in Fig. 1 . The economic benefit of the flexible demand resources is measured by the operation cost deviation between adopting or not adopting the DSM program. The microgrid operator determines the compensation (i.e., price) for the demand resource providers based on the benefit-sharing scheme.
A. DSM Model
In this article, customers have voluntary options to determine whether to participate in the DSM programs. Once the customers sign up the incentive-based DSM programs, flexible loads could be controlled by the microgrid operator. In return, the economic benefit saved in the process of the DSM program will be distributed to them. In this article, we try to derive a uniform per unit compensation for certain types of resources to attract more participation.
To motivate more end-users to participate in the DSM programs, the compensation distributed to customers will be determined by its contribution to economic performance enhancement for the microgrid operation. Meanwhile, to avoid potential retail revenue loss for the microgrid operator due to consumption reduction, all the flexible demand resources considered in this article follow the "energy-neutral" constraint. In other words, the effect of the DSM would only result in load shifting with no reduction of consumption. In this way, the proposed pricing scheme can achieve the Pareto improvement which motivates both the microgrid operator and demand resource providers.
B. Microgrid Model
Generally speaking, a microgrid can be categorized into two types depending on whether connecting to the utility grid or not [24] . A microgrid disconnected to the utility grid operates as an islanded microgrid, while one connected to the bulk power grid is called a grid-tied microgrid [24] . In this article, the islanded microgrid model is adopted to evaluate the economic benefit of the flexible demand resources. However, it can be easily extended to the grid-tied microgrid by adding the electricity price 
C. Flexible Demand Resource Model
The flexible demand resource in the incentive-based DSM programs can be divided into two categories: the power-type demand resource and the energy-type demand resource.
As shown in Fig. 3 , the power-type demand resource is a controllable load with a specific power curve in the operation period. Consequently, the microgrid operator could only control its start-up time. That is to say the demand can be shifted; however, the power curve pattern would stay the same. One of the most typical examples for the power-type flexible demand resource is industrial processes which follow the fixed power curve once started, such as brazing process in the metal processing industry [25] .
In contrast to that, the energy-type demand resource does not necessarily follow a specific power curve. Instead, the main constraint of it is that a certain amount of energy will be consumed in the operation time span, i.e., "energy-neutral." In some cases, it also follows constraints, such as ramping up/down and minimum ON/OFF time. A typical example of an energy-type demand resource is delay-tolerant cloud computing workloads for the data center industry [26] . As long as the workloads can be solved within a time limit, there is no need to follow a fixed power consumption curve. However, the total energy consumed for a certain cloud computing task is generally constant.
Different availability periods are also considered to precisely describe the characteristics of demand resources. According to classification standards issued by National Development and Reform Commission [27] , the operation time span is divided into two periods, the peak period (10:00-20:00) and the valley period (0:00-9:00, 21:00-23:00). Consequently, in this article, the incentive-based DSM programs are divided into the following three types:
1) the power-type/energy-type flexible demand resource available for the entire operation time span; 2) the power-type/energy-type flexible demand resource available in the peak period; 3) the power-type/energy-type flexible demand resource available in the valley period. The detailed formulation is described in Section III.
III. PROBLEM FORMULATION
In this section, the mathematical formulation of the flexible demand resource pricing scheme is presented. As indicated by Fig. 1 , the compensation for the demand resource providers is determined based on the economic benefit induced by the flexible demand resources. To calculate the economic benefit based on the microgrid optimal operation model, an iterationbased chance-constrained method is proposed in this article. The detailed mathematical formulations are provided in the following.
A. Microgrid Optimal Operation Model
The microgrid optimal operation model is formulated as a classic unit commitment problem [28] , in which the operation cost consists of fuel cost, start-up cost, shut down cost, and no-load cost. In the proposed formulation, the penalty cost of renewable energy curtailment is also considered to emphasize the value of renewable energy integration, as defined in (3).
The proposed microgrid optimal operation model has the following constraints [29] , [30] . The generation capacity constraint of conventional generators is defined in (4) . Constraints (5) and (6) represent the minimum-up/-down time, while the start-up and shut-down constraints are modeled in (7) and (8) . The ramping up/down constraints of units are described in (9) and (10) . The power balance and system reserve constraints are defined by (11) and (12) . The renewable energy curtailment is described in (13) . Considering the nature of the proposed problem and low-voltage characteristics of a microgrid, the line limit and network loss are neglected in this article [31] - [33] o t,l P con,min l ≤ P con t,l ≤ o t,l P con,max
B. Flexible Demand Resource Model
As mentioned in Section II, the flexible demand resource can be divided into two types: power-type flexible demand resource and energy-type flexible demand resource. In this article, k 1 represents the power-type flexible demand resource, whereas k 2 represents the energy-type flexible demand resource.
The mathematical model of the power-type one is formulated as follows [25] :
The following constraints are incorporated in this article to model the energy-type flexible demand resources. The capacity constraint of the energy-type demand resource is defined in (15) . The ramping up/down constraints of the energy-type flexible demand resource are modeled in (16) and (17) . Constraints (18) and (19) represent the min/max continuous ON/OFF time of the energy-type flexible demand resources
Moreover, the "energy-neutral" constraints for both types of demand resource are defined as the following:
C. Economic Benefit Measurement and Risk Mitigation Model
As there are numbers of uncertain factors involved in the microgrid operation, the realized economic benefit induced by the flexible demand resources may vary under different scenarios. Overcompensation to the demand resource providers may cause unnecessary financial loss for the microgrid operator, which could eventually jeopardize the sustainability of the incentivebased DSM programs. To address this issue, a chance constraint is proposed in this article to manage the risks of overcompensation. As shown in (21) and (22), the probability that the economic benefit is greater than the compensation should be larger than 1−ε (confidence level). Consequently, the per unit compensation π kc should be equal to the total compensation (i.e., economic benefit) divided by the corresponding controllable capacity of demand resource which indicates its participating capacity in the DSM programs. In this way, the chance of financial loss for the microgrid operator is bounded
D. Iteration-Based Chance-Constrained Method for Flexible Demand Resource Pricing
As indicated by (22) , the economic benefit is measured by the operation cost deviation between adopting or not adopting the incentive-based DSM program. It can be derived by calculating the deviation between two optimal values, which is quite complicated to be solved directly since it is an optimization problem with two minimization subproblems. To effectively calculate the economic benefit and determine the compensation, an iteration-based chance-constrained method is proposed in this article, as shown in the following.
With the algorithm mentioned above, the original chanceconstrained optimization problem has been transformed into N deterministic subquestions with different scenarios. Each subquestion solves the microgrid optimal operation model twice, as shown in steps 3 and 4. Each time the problem can be modeled as a mixed-integer linear programing problem, which can be efficiently solved by commercial off-the-shelf solvers. To meet Algorithm 1: Iteration-Based Chance-Constrained Method for Flexible Demand Resource Pricing. 1: Initialize: Generate N scenarios for RES 2: for n = 1,2, …,N do 3:
Minimize Cost1 without DSM 4:
Minimize Cost2 with DSM 5:
Calculate Benefit(n) = Cost1-Cost2 of scenario n 6: end for 7: Sort the value of each Benefit(n) 8: Pick the [(1-ε) × N]th Benefit to determine the compensation π π = Benefit[(1−ε)×N ]
a certain confidence level, the algorithm picks the [(1−ε)×N]th scenario after sorting by the value of the economic benefit to determine the compensation distributed to the flexible demand resource providers. It should be mentioned that the economic benefit derived based on the chance-constrained method is completely allocated to the flexible demand resource providers for the compensation. The idea behind this design is that the microgrid operator is willing to encourage the participation of incentive-based DSM programs as much as possible to improve the overall efficiency. Meanwhile, the microgrid operator does not want to cause financial losses due to overcompensation considering the uncertainty risks involved in this process. The proposed iteration-based chance-constrained method could help the operator achieve those two targets simultaneously. Moreover, the economic benefit shared with resource providers can be dynamically adjusted by selecting different chance-constrained criteria, correspondingly the tradeoff between those two goals can be managed.
IV. CASE STUDY
In this section, the proposed flexible demand resource pricing scheme is illustrated and examined in a sample microgrid. The models are coded in MATLAB and solved by the solver CPLEX 12.7.1. All the experiments are implemented on a computer with Intel(R) Core (TM) i5-8300H CPU@2.30 GHz and 8 GB memory.
A. Simulation Setup
Without loss of generality, a single-line sample microgrid with three conventional generators, one wind farm, and one solar station, is assumed in the experimental cases based on [31] and [32] . The detailed parameter setting of this experimental microgrid can be obtained in [34] and [35] . As mentioned in Section II, the flexible demand resources can be divided into different categories. Considering the fact that the flexible demand resources are only a small percentage of resources in most cases [36] , the proportion of the flexible demand resource is assumed to be 10% of total installed capacity. To mitigate the financial risks of overcompensation for the demand resource providers, 100 scenarios are considered and the confidence level for the chance constraint is set as 85%. 
B. Numerical Results

1) Energy-Type DSM:
As the economic benefit of the flexible demand resource is calculated based on the deviation between cost with DSM and cost without DSM, the optimal operation results for both cases are reported. As mentioned above, the chance-constrained problem has been transformed into N deterministic subquestions in different scenarios. Figs. 4-6 show the result of [(1−ε) × N]th scenario after sorting by the value of benefits, which determines the compensation distributed to the customers (i.e., the economic benefit shared with the demand resource providers). Fig. 4(a) and (b) shows the schedule decisions of conventional generators in the cases with DSM and without DSM. Comparing (a) and (b), it is obvious that in the valley hours (00:00-9:00), the power output without DSM is less than that with DSM, whereas opposite results can be observed in the peak hours (10:00-20:00). This is because that the flexible demand resources reduce the demand in the peak hour by shifting loads into the valley period to achieve a more economical operation schedule. Fig. 5 reports the schedule decisions for the energy-type flexible demand resource along with the schedule power outputs of generation resources. It can be observed that the controlling signal for the flexible demand resources (i.e., Δload) in the peak hour (14:00-20:00) is negative. To explain the decisions more clearly, RES outputs, and original and adjusted load curves of the flexible demand resources are compared in Fig. 6 . The trend of gray curve, which represents the adjusted load curve for the flexible demand resources, is similar to blue and green columns representing RES outputs. Considering the low variable cost characteristic of RES, it becomes more economical for the microgrid operator to schedule more demands in the hours with more RES outputs, as shown in Fig. 6 .
Apart from the flexible demand resource available in the entire operation time span, different types of the flexible demand resource are discussed as follows. Figs. 7 and 8 illustrate schedule decisions for the energy-type flexible demand resources only available for the peak period or valley period. The controlling 2) Power-Type DSM: The characteristics of the power-type flexible demand resource are assumed partially based on [34] . The schedule decisions for the power-type resources with different availability time are reported in Figs. 9-11. It is obvious that the specific power curve of the power-type flexible demand resource is shifted to the hours with more RES outputs. For instance, the power-type flexible demand resource available in full time is shifted from the peak hour to the valley hour. Similar results of the flexible demand resource available for the peak period or for the valley period are reported in Figs. 10 and 11 .
3) Pricing Scheme: Based on the iteration-based chanceconstrained method, the economic benefit and corresponding compensation for different types of the flexible demand resources are calculated, as given in Table I . All those values in Table I are calculated for one-day period. However, the proposed pricing scheme can be easily extended to a longer period, such as one week or one month, if a corresponding operation parameter is available. To address the uncertainty of operation parameters in the entire pricing time span, its variation is captured by multiple scenarios generated by Monte Carlo simulation. For each scenario, the benefit is calculated by the deviation between operation cost with DSM and that without DSM, based on (1)- (20) . The compensation value is determined based on (21) and (22) , guaranteeing that the probability that the economic benefit is greater than the compensation should be larger than 1−ε.
According to Table I , it can be observed that the energytype flexible demand resource available in the entire operation time span generates the most economic benefit. This is intuitive since it has the largest flexibility. Consequently, the demand resource providers of this type of flexible demand resource receive the most compensation with 1.71 $/kW per day. In contrast with it, the per unit compensations for demand resources available in the peak period and valley period are lower. Moreover, the compensation for resources available in the valley period is greater than that in the peak period. This result may seem nonintuitive; however, it can be explained that since the valley period has a more dynamic renewable generation profile, thus, the arbitrage opportunity is more significant than that in the peak period. Meanwhile, the compensation for the powertype flexible demand resources follows the similar pattern, while the overall level of the compensation for the power-type flexible demand resource is lower than that of the energy-type flexible demand resource. To illustrate the computation complexity, the computational time for each type of flexible demand resource is also given in Table I . It can be observed that the computational times for all the cases are less than 30 s, which are sufficiently fast for a pricing scheme.
The economic benefit sharing between end-users and the microgrid operator can be dynamically adjusted with a different iteration-based chance-constrained criterion, as shown in Fig. 12 . It can be observed that the economic benefit allocated to the demand resource providers decreases as the chanceconstrained criterion increases. That is because the chanceconstrained criterion represents the probability of avoiding a financial loss for the microgrid operator. Therefore, a more risk-averse microgrid operator can reduce the risks of financial loss by flexibly adjusting the chance-constrained criterion. Corresponding, the economic benefit shared with the demand resource providers will be reduced.
4) Scalability Analysis:
In the previous cases, the flexible demand resources compose 10% of the total installed capacity to simulate practical cases. To further analyze the impact of the flexible demand resource proportion on the economic benefit and compensation, the scalability analysis is conducted and the numerical simulation results are reported in this section, as shown in Fig. 13 . It can be observed that the benefit increases as the scale of the flexible demand resource increases. However, the benefit does not increase linearly. While the proportion rises to a certain extent, the value of benefit tends to saturation. This can be explained that most of the economic benefit comes from the improvement for utilization of RES. The performance enhancement induced by the flexible demand resources would be saturated once there is no improvement space on RES utilization. In this case, as the RES takes 20% of total installed capacity, the economic benefit of the flexible demand resource would reach saturation once it increases to 20%. To further illustrate the analysis above mentioned, the schedule decisions for the flexible demand resource and RES outputs in the case of 20% total installed capacity under the confidence level of 85% are reported in Fig. 14. It can be observed that the controlling signal, Δload is following the pattern of RES outputs curve to maximize the economic performance.
The implication of this scalability analysis on the pricing scheme is that the per unit value of the flexible demand resources would decrease as its relative scale increases to a certain level. Therefore, the microgrid operator should dynamically adjust the per unit compensation once the relative scale of the flexible demand resources changed.
To further explore the impact of the "energy-neutral" constraint, the economic benefits of the flexible demand resources are calculated with different consumption reduction ratio using the microgrid optimal operation model, as shown in Fig. 15 . It can be noted that the benefit increases as the consumption reduction increases. It can be explained that the consumption reduction causes the decrease in power output of units and the operation cost of the microgrid operator, making the economic benefit of the demand resource providers increase. Fig. 15 . Economic benefit with different consumption reduction ratio.
V. CONCLUSION
In this article, a flexible demand resource pricing scheme is proposed to determine the compensation for the incentive-based DSM program without knowing the utility function of end-users. An iteration-based chance-constrained method is provided to effectively calculate the compensation for the demand resource providers and mitigate the financial risks for the microgrid operator. The economic benefit could be dynamically shared between the flexible demand resource providers and microgrid operator by adjusting the chance-constrained criterion. Numerical case study results demonstrate the effectiveness of the proposed pricing scheme. Also, a scalability analysis is conducted, showing that the benefit mainly comes from performance enhancement of generation due to "energy-neutral" setting and saturates as the scale of the flexible demand resource increases.
